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Abstract—The Nuclear Compton Telescope (NCT) is a bal-
loon-borne telescope designed to study astrophysical sources of
nuclear line emission and polarization at soft gamma-ray (0.2–10
MeV) energies. NCT uses high-purity germanium strip detectors
for 3D tracking of photon interactions. Compton imaging enables
effective background rejection, resulting in a compact but highly
efficient instrument. The NCT prototype completed a successful
flight from Fort Sumner, New Mexico in 2005. We have since
integrated additional detectors, updated the readout electronics,
and improved other flight systems. Two flights of the full instru-
ment are upcoming: a conventional flight in New Mexico and a
long duration flight from Australia. We give an overview of the
instrument and its status prior to the planned balloon flights.
Index Terms—Compton imaging, gamma-ray astronomy detec-
tors, gamma-ray imaging, germanium radiation detectors.
I. INTRODUCTION
T HE Nuclear Compton Telescope (NCT) is a balloon-bornetelescope designed to study astrophysical sources of
nuclear line emission and polarization at soft gamma-ray
(0.2 MeV–10 MeV) energies. NCT’s ten cross-strip germa-
nium detectors (GeDs) give precise 3D spatial localization
of photon interactions with high spectral resolution. These
capabilities enable Compton reconstruction of the source
photon direction [1], providing imaging capability, effective
background rejection, and polarimetric sensitivity [2].
The NCT instrument is carried by a pointed, autonomous bal-
loon gondola. It has a wide field of view (1–3 sr) whose extent
is determined by the configuration of an active BGO shield and
a CsI collimator. NCT has moderate angular resolution (
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ARM FWHM) which is dominated by the uncertainty in the po-
sitional localization of the interactions [3]. NCT is optimized
for sensitivity in the nuclear line regime (0.5–2 MeV); it has an
an energy resolution of 2.5 keV FWHM at 1 MeV.
A two-GeD prototype of NCT flew from the Columbia
Scientific Balloon Facility (CSBF) site in Ft. Sumner, New
Mexico on June 1, 2005. The instrument performed flawlessly
during 6 hours at float altitudes ( km). However, a failure in
the azimuthal pointing system limited exposure to the primary
sources and significantly complicated the science analysis.
Nevertheless, the prototype flight qualified the balloon gondola
for a future long-duration balloon flight (LDBF) and enabled a
thorough characterization of the NCT background [4]. Detailed
descriptions of the prototype flight can be found in [5], [6]. We
have since integrated eight additional detectors, updated the
readout electronics, and improved other flight systems.
The current NCT flight program includes two upcoming
balloon flights. The first is a conventional flight (24–48 hours)
in Spring 2009, again from Ft. Sumner, New Mexico. Science
goals for this flight are imaging, spectroscopy, and polarimetry
of point sources such as the Crab pulsar, the X-ray binary
Cygnus X-1, and the supernova remnant Cassiopeia A. The
second planned flight, pending CSBF flight safety clearance, is
a 10–20 day LDBF launching from Alice Springs, Australia in
Spring 2010. The southern hemisphere launch site will allow
NCT to observe the Galactic center. Science observations
will focus on sources of diffuse Galactic gamma-ray line
emission, including the 511 keV positron annihilation line and
isotopes produced in stellar burning of massive stars and in
supernovae ( Al, 1.809 MeV; Fe, 1.173 and 1.333 MeV;
Ti, 1.157 MeV). The long duration flight will allow NCT to
produce detailed maps of the diffuse emission.
II. DETECTORS
The NCT detectors are high-purity germanium strip detectors
fabricated by Lawrence Berkeley National Laboratory (LBNL).
Each GeD is 1.5 cm thick. The aluminum electrode strips have
a 2.0 mm pitch with a 0.25 mm gap between strips to mini-
mize charge sharing and charge loss between strips. There are 37
strips on each face of the detector, with the ground (anode) and
high voltage (cathode) strips oriented orthogonally to provide
2-D positioning. Depth of interaction may be determined from
the charge collection time difference between the two faces [3],
[7], [8], allowing 3D localization of events to 1.6 mm . There
is a 2 mm guard ring on the outer edge of the detector which is
instrumented to provide veto signals.
The NCT 3D-GeDs operate as fully depleted p-i-n junctions,
using amorphous Ge contact technologies pioneered by LBNL
[9]. In this technique, the blocking electrode is made from a
m-thick layer of amorphous Ge deposited on the entire
0018-9499/$25.00 © 2009 IEEE
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Fig. 1. NCT’s germanium strip detectors track multiple photon interactions and
record their energies, enabling localization of the source photon to an annulus
on the sky via Compton reconstruction.
detector surface. The strip electrodes are defined by evaporating
a layer of metal through a shadow mask on top of the amorphous
Ge film. The amorphous film fully passivates every detector sur-
face not used for contact connection. The bipolar blocking be-
havior of the amorphous contacts allows them to be used on both
sides of the detector, replacing the conventional n-type lithium
contact and p-type ion implanted contact.
Three of the NCT detectors fabricated since the prototype
flight have a layer of amorphous silicon on the cathode side,
which provide improved leakage current properties after tem-
perature cycling [10]. These three detectors are operated at pos-
itive bias voltages in the range to Volts, while those
detectors surfaced entirely with amorphous Ge operate at volt-
ages ranging from to Volts.
Due to impurity problems with the raw Ge crystals obtained
from the manufacturer, only 10 of the 12 detectors fabricated
are usable for science measurements. These 10 GeDs have been
mounted on a central copper coldfinger and integrated into
the NCT cryostat. Fig. 2 shows the 10 GeDs mounted on the
coldfinger. The cryostat is attached to a single 50-liter liquid
nitrogen dewar which cools the GeDs to 85 K for days.
The dewar is vented through a 5 psi valve keeping the liquid
nitrogen under pressure at float. Fig. 3 shows the cryostat, and
Fig. 8 shows the dewar and cryostat mounted in the balloon
gondola cradle.
III. INSTRUMENTATION
NCT uses conventional GeD-quality signal processing elec-
tronics [11]. Each detector strip has a compact, low power
signal processing chain made predominantly of conventional
surface mount components. Detector signal extraction is accom-
plished with a low-power, high performance charge-sensitive
preamplifier [12]. We have reduced the power consumption of
the preamps by a factor of 6 since the prototype flight, to 25
Fig. 2. The ten NCT GeDs mounted on the coldfinger prior to integration in
the cryostat.
Fig. 3. The eight analog boards needed to instrument one GeD are contained in
a single enclosure along with a DSP board and low- and high-voltage power sup-
plies. The compact coaxial ribbon cable may be seen connecting to the preamp
boxes on the sides of the cryostat.
mW/channel. Additionally, changing FETs in the preamps led
to a noise reduction of 40%.
A much-simplified pulse-shaping amplifier, with both a fast
and a slow channel, follows each preamplifier. This has also
been redesigned since the prototype flight for lower power con-
sumption and for compatibility with future implementation in
an ASIC. The slow channel, with a 6 s time-to-peak unipolar
shaper, is followed by a peak detect and stretch function. The
fast channel uses a bipolar shaper to time stamp each wave-
form at the signal zero-crossing. The previous design employed
a ns delay line for each channel and a constant fraction
discriminator to time stamp each waveform at 50% of its max-
imum amplitude.
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Fig. 4. Energy spectrum obtained from one detector using single-site events only (one triggered strip on each side of the detector). The most prominent lines are at
59.5 keV (2.03 keV FWHM) from an Am source and at 122 keV and 136 keV (1.99 and 1.96 keV FWHM) from a Co source. Weaker source and fluorescence
lines are also visible. The energy was calibrated using a calibration curve fit to the 59.5 and 122 keV source lines.
Fig. 5. Single-site energy spectrum of one detector showing the higher energy response. A line at 662 keV (2.03 keV FWHM) and its Compton continuum from
a Cs source are visible in addition to the 122 keV line (1.60 keV FWHM) from Co. The energy was calibrated using a calibration curve fit to the 662 and
122 keV source lines.
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Fig. 6. The summed Collection Time Difference (CTD) distribution in ns for all single-site event pixels in one detector. CTD is the difference in collection time
for electrons and holes, and can be used to determine the depth of interaction in the detector. For this 122 keV Co source, most events occur near one face of the
detector (at   ns). The distribution of interactions, and hence the CTD distribution, decays exponentially with depth within the bulk of the detector according
to the mean free path of the photons.
One 10-channel signal processing cluster resides on a single
printed circuit card with both the fast and slow analog signal
processing electronics. Eight of these “analog boards” are re-
quired for each GeD. Each set of eight analog boards connects
to a common back plane, which supplies bi-directional house-
keeping communication, power, and event data channels. Low-
level input signals connect to the front panel, well away from
the back plane to minimize noise. Each analog board has one
ACTEL Field-Programmable Gate Array (FPGA). This ACTEL
keeps track of trigger rates and coordinates logic between the
different channels. A single Altera NIOS embedded processor
board interfaces with each set of eight analog boards. This “DSP
board” coordinates the logic between the eight ACTELs, com-
presses event data from the ACTELs, and communicates with
the main flight computer via an ethernet link.
We have also updated the signal cabling since the prototype
flight. NCT now employs a compact coaxial ribbon cable man-
ufactured by Gore Industries. This cabling provides significant
savings in mass and complexity while meeting the NCT require-
ment of ns rise time over the 5 m of cabling needed. Fig. 3
shows the board enclosure for one detector and the cabling con-
nected to the cryostat.
At the time of this writing, instrumentation for all ten GeDs
has been assembled and the boards tested. Ongoing flight prepa-
rations will focus on detector calibrations of energy, depth, an-
gular resolution, effective area, and imaging and polarimetric
capability.
Figs. 4, 5, 6, and 7 show preliminary laboratory results using
the new instrument electronics. The data were recorded by a ver-
sion of our Linux-based Ground Support Equipment (GSE) soft-
ware modified to interface directly with the DSP board over an
Ethernet link. In flight, the output will be recorded and teleme-
tered by the flight computer. The observed spectral and timing
properties are as expected, confirming that the system is in good
working order.
IV. FLIGHT SYSTEMS
A. Gondola
The NCT instrument is carried by a balloon gondola orig-
inally used by the HIREGS LDBF payload. Fig. 9 shows the
gondola before the prototype flight. The cryostat is held in a
movable cradle (Fig. 8) which is protected by roll bars. The
electronic boards, flight computer, and batteries are carried in
an enclosed electronics bay.
For the LDBF, it will not be possible to power NCT by bat-
teries alone; accordingly, we have constructed solar panels to
mount on the sides of the gondola. These will power recharge-
able batteries, allowing NCT to operate at night, as required for
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Fig. 7. Pixel display of single-site events for one detector at 122 keV. The observed nonuniformity is due to rib structures on the exterior of the cryostat. The
GeDs are octagonal, so there are no physical pixels in the plot corners.
Fig. 8. The NCT cradle. For the upcoming flights, we will use additional BGO
shielding on the front and sides of the cryostat as well as a CsI collimator. The
thick signal cables seen here have been replaced with the compact coaxial ribbon
cables seen in Fig. 3.
a mid-latitude flight. The solar panels will also be used during
the upcoming conventional flight.
B. Shields and Collimator
NCT employs an active shield to further reduce background.
A 5 cm-thick bismuth germanate (BGO) shield surrounds
the bottom and sides of the NCT cryostat. Shield rates were
counts/s during the prototype flight; shield vetoes
Fig. 9. The NCT gondola before the prototype flight. For the upcoming flights,
the instrument cradle will be angled forward to provide edge-on illumination of
the GeD array, which maximizes the effective area at low energies.
were the primary source of the 8% instrument deadtime. The
shields have been recalibrated since the prototype flight; the
energy calibration is more accurate due to the use of multiple
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calibration lines, and the channel dependence of the thresholds
are now considered.
For the upcoming flights, we will also add an active CsI col-
limator to further reduce the field of view from 3.2 sr to roughly
1.5 sr.
C. Pointing and Aspect
Because of NCT’s large field of view and moderate angular
resolution, its pointing requirements are relatively modest—2
pointing accuracy, with aspect reconstruction to half a degree or
better. A HIREGS-heritage rotor assembly allows pointing in
azimuth: the pointing table uses a three-axis magnetometer to
orient the gondola relative to the local magnetic field. By using
a global magnetic field model (presently the World Magnetic
Model1) to determine the direction of the local field relative to
true north, we are able to point the gondola as desired.
Since the prototype flight, we have added a Magellan ADU5
differential GPS receiver. The dGPS system will provide an ac-
curate full aspect solution in real time, independent of the mag-
netic field model. The dGPS aspect solution is stored in house-
keeping and telemetered. Additionally, the flight computer will
use the dGPS aspect to correct for any slowly-varying biases
in the magnetometer-based pointing. Aspect reconstruction was
previously accomplished using data from an accelerometer and
a second magnetometer; we will retain these systems for re-
dundancy. The gondola is capable of elevation pointing by ro-
tating the instrument cradle. However, our current flight plans
do not require this capability. The flight computer maintains an
autonomous 24-hour pointing plan, and gondola pointing may
also be controlled by commands from the ground.
D. Flight Computer
The onboard flight computer controls the operation of the de-
tectors and readout electronics, stores and telemeters science
and housekeeping data, interfaces with the CSBF command up-
link, and executes the pointing plan. The flight computer is a
single-board computer with a 1.4 GHz Intel Celeron processor.
It boots from a 4 GB compact flash drive. The flight software is
derived from that of HIREGS and runs under Slackware Linux
(10.2, 2.4 kernel). The flight computer is mounted in a 20-slot
ISA backplane which also contains the other interface cards.
E. Data Storage and Telemetry
Data is archived inflight to two redundant flash solid-state
drives. For the conventional flight, these will have capacities of
64 GB and 8 GB. For midlatitude flights, our data rates are
MB/day/detector.
The CSBF SIP system provides telemetry and remote com-
manding. For the conventional flight, all data are telemetered
over the line-of-sight UHF link at 384 kbps. For the LDBF, we
will use a CSBF high gain link at 100 kbps to telemeter our pri-
mary science data.
V. DATA ANALYSIS
Our group uses MEGAlib [13], a software suite for anal-
ysis of data from gamma-ray telescopes, for event and image
1http://www.ngdc.noaa.gov/geomag/WMM/DoDWMM.shtml
reconstruction, performance characterization, and interfacing
with Monte Carlo simulation packages GEANT and MGGPOD
[14]. MEGAlib is being actively developed to incorporate
state-of-the-art algorithms at all stages in the analysis chain.
In particular, Bayesian and neural-network approaches to
Compton event reconstruction have been developed and
shown to have superior performance to conventional methods
[15], [16].
The failure of the pointing system during the prototype flight
compromised exposure to target point sources. However, de-
tailed analysis of the background spectrum as a function of bal-
loon altitude was conducted by [4]. These efforts found excel-
lent correspondence between the measured background and the
sum of the simulated background components, which included
those produced by activation of the detectors and instrument
structure.
We have also undertaken simulation efforts in advance of
the upcoming flights in order to test our analysis methods and
optimize our gondola configuration. Simulations predict NCT
narrow line sensitivies of photons/cm /s at
511 keV and photons/cm /s at 1157 keV for a one
megasecond observation [17]. NCT will constrain the polariza-
tion of the Crab Nebula during the upcoming northern hemi-
sphere flight [18]; the minimum detectable polarization for a
two day flight is 38%.
VI. SUMMARY
NCT’s array of ten high-purity germanium strip detectors has
been instrumented and is functioning well. Final calibrations in
preparation for flight are in progress. We look forward to con-
ducting initial science observations with the full instrument in
two upcoming flights: a 1–2 day Northern Hemisphere flight in
Spring 2009 and a 10–20 day long-duration flight from Australia
in Spring 2010. NCT’s strengths as a Compton telescope—wide
field imaging capability, efficient background rejection, and po-
larimetric sensitivity—will enable novel observations of a wide
range of sources.
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